SUMMARY: Of a large number of possible carbon sources only glucose, galactose, and acetate supported continued growth of Chlorella pyrenoidosa in darkness. Cell synthesis i n darkness with nitrate as the nitrogen source proceeded with a carbon assimilation of 45 % for glucose, 37 yo for galactose, and 26 yo for acetate. The energy efficiency (Rubner coefficient) of cell synthesis from glucose was affected by the nitrogen source and has a maximum value of 58 yo with ammonia.
The spectrum of nutritional characteristics found among the algae ranges from obligate autotrophy to obligate heterotrophy. A number of species in the genera ChZoreZZa and Scenedesmus lie near the midpoint of the spectrum in the sense that they shift rapidly and reversibly between growth in darkness on organic substrates and growth in light on carbon dioxide. Ability to utilize organic substrates appears subject to wide variation between species and strains (Algeus, 1946; Bristol Roach, 1927; Fogg, 1953; Killam & Myers, 1956; Neish, 1951) . For example, the Columbia strain of ChEoreZla vulgaris utilizes glucose, fructose, galactose and four P-glucosides for growth in darkness (Neish, 1951) . In contrast, it has seemed surprising from the more casual observations of this laboratory that the Emerson strain of C . pyrenoidosa must be far more limited in its ability to utilize organic carbon sources. The present work examines the utilization of carbon sources by C . pyrenoidosa with some observations on two other species. Quantitative data will be presented on growth rates, yields, and efficiencies of substrate utilization for cell synthesis.
METHODS
The algal species studied included ChZoreZZa pyrenoidosa (Emerson strain), C . ellipsoidea (from Dr H . Tamiya) and Scenedesmus sp. D 3 (from Dr H. Gaffron).
The basal medium was a Knop's solution of the following composition (g./l.) : 1-25, KNO,; 1.25, KH,PO,; 2.5, MgSO,. 7H,O; 0.30, Na citrate; 0.004, Fe,(SO,),; 0.0029, H,BO,; 0.0018, MnC1,. 4H,O; 0-00022, ZnSO,. 7H,O; 0.000080, CuS04.5H,0; 0.000018, MOO,. The pH value was adjusted with KOH to 5-6-58. Organic substrates at twice final concentration were filtersterilized or autoclaved separately and mixed with an equal volume of autoclaved basal medium of double strength.
Growth rates were measured photometrically in test-tube cultures containing 15 ml. medium aerated with 5 yo (v/v) carbon dioxide in air and immersed in water baths thermostated a t 25 & 0.1". The cultures were enclosed in a dark chamber or illuminated by fluorescent lamps from both sides of the bath.
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Each culture was inoculated with 1.0 ml. of an algal suspension grown photosynthetically in basal medium. For Chlorella ellipsoidea and C. pyrenoidosa inocula were taken from a continuous culture apparatus. At intervals the optical density was observed in an Evelyn colorimeter with a 600 mp. filter. The logarithm of optical density plotted against time gives a curve (cf. Fig. l) , the slope of which is the specific growth rate. Values of the specific growth rate k will be reported in the convenient dimensions of log,, unitsjday as for the equation log,, N / N , = kt.
Growth yield was determined in cultures grown in 200 inl. test tubes in darkness a t 25" and aerated with 5 yo (vlv) carbon dioxide in air. Samples of medium containing known amounts of carbon source were distributed to each of a series of tubes. Organisms for inoculation were washed twice in water with aseptic precautions and 1.0 ml. of suspension delivered to each tube. The cultures were harvested a t intervals by centrifugation, and the organisms washed thrice in water and dried a t 100-110' to constant weight in tared crucibles. One of the growth curves thus obtained is shown in Fig. 2 
RESULTS

Growth-rate studies
Sugars and sugar-alcohols in darkness. The following were tested at a concentration of 1 yo (w/v) values of specific growth rate are expressed in log,, unit/day.
C. pyrenoidosa
C. ellipsoidea Scenedesmus D 3
Specific growth rate (log,, unit/day) In darkness Glucose and galmtose presented together in darkness. Since in darkness the growth rate on glucose is about 1/2, and on galactose about 1/4, of the lightsaturated growth rate, there is a possibility of additive effects of the two sugars. However, the measured growth rates on glucose and on glucose+ galactose were identical. Apparently there is a common rate-limiting reaction saturated by glucose.
Sugar phosphates in darkness. Phosphoglycerate, glucose-1-phosphate, glucose-6-phosphate, fructose phosphate, and fructose-1 : 6-diphosphate were examined. Except for slight initial and transient effects none of these compounds supported significant growth of either of the two Chlorellas.
Organic acids in darkness. Examination of the organic acids is attended by a technical difficulty. The fatty acids are exceedingly toxic in their undissociated forms. Previous work of this laboratory (1947, unpublished) showed that for Chlorella pyrenoidosa photosynthesis is almost completely inhibited and glucose respiration more than 50 yo inhibited by 0 . 0 0 4~ total acetic acid a t pH 4.5. At higher pH values apparent toxicity of total acetic acid concentration decreases, but even at pH 6.7 addition of 1 yo (w/v) sodium acetate inhibits growth. The substituted acids with lower pK values are far less toxic.
The present work was limited to examination of the following substances a t 0.1 yo (w/v) Possible growth factors. The fact that all growth rates observed in darkness were lower than the light-saturated rates leaves the possibility of a growthfactor stimulation of heterotrophic growth. Such a stimulation was sought but not found by independent additions of 0.1 yo (w/v) yeast, liver, and meatextracts and Casamino acids to 1 yo glucose. 
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Cell-yield studies A second criterion of growth on organic substrates can be put in terms of the maximum yield of cell material/unit quantity of substrate. It may be expressed as in studies of mould metabolism (Foster, 1949) by the economic coeficient (weight of organism produced x 100/weight of substrate consumed). Or, with knowledge of the composition of the cells produced, it may be expressed as yo carbon assimilated (cell carbon x 100/substrate carbon consumed).
It is assumed that maximum yield of cells in all cases corresponds to practically complete consumption of substrate. Further, no cognizance is taken of any extracellular organic products, although these may be expected to be small (Myers & Johnston, 1949) .
As a further variable it appeared desirable to examine effects of nitrogen 2-amino-2-hydroxymethylpropane-l : 3-diol were substituted for KNO, in the basal medium. Use of tris (buffer) as additional buffer is required to prevent decrease in pH to toxic values during assimilation of ammonia, 5 Duplicate lyophilized samples were used for the cell analyses reported in Table 4. exponential period of growth.
The pertinent data are presented in Table 3 . The values of specific growth rate cited have different degrees of reliability depending upon the number of sampling points on which they are based. Internal comparisons can be made in terms of the economic coefficient, or in equivalent terms of approximate yo carbon assimilated. 
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Glucose versus galactose. It is difficult to visualize a model which will explain why galactose should be assimilated less completely than glucose. However, it will be noted that for galactose the specific growth rate is much lower. Consumption of a given quantity of substrate requires a longer time period for galactose, attended by a greater fractional contribution to basal or maintenance metabolism. Simplification of the growth curve such as Fig. 2A to an exponential curve breaking sharply a t the maximum, the integrated area under the curve ( F t -1 ) N,/k' gives the mg.-hr. of cells required to consume the substrate. For consumption of 100 mg. substrate carbon the above calculation yields 2230 mg.-hr. for glucose and 4700 mg.-hr. for galactose. (Actually the figure of mg-hr. for galactose is higher than calculated since the terminal growth rate did not break sharply but fell slowly in approach to zero.) It appears that a greater contribution to maintenance metabolism can explain the less complete assimilation of galactose. It follows as a general principle that substrates which support lower growth rates may show lower efficiency of assimilation because of necessarily greater contribution to maintenance metabolism.
Glucose versus acetate. Experiments were limited to low initial quantities of acetate because of toxic effects a t higher concentrations. The markedly less complete assimilation of acetate is to be expected for reasons besides that presented above for galactose; a less complete assimilation of acetate to starch has been found in manometric studies of oxidative assimilation in starved cells of Chlorella pyrenoidosa (Myers, 1947) .
Chlorella pyrenoidosa versus C. ellipsoidea. Comparison of the two species shows a clearly more complete assimilation of glucose by C . ellipsoidea than by C. pyrenoidosa. Eflect of nitrogen source. As compared with nitrate, both ammonia and urea allowed more complete assimilation of carbon from glucose. This was to be expected as a consequence of the energy demand for nitrate reduction; it is explored further in terms of the more complete data on cell analysis presented below.
Eflect of added substrates. The possible utilization of other substrates during glucose assimilation may be tested by adding the substrate and examining whether there is any increase in carbon assimilation as calculated for the glucose carbon. This was done with Chlorella pyrenoidosa for fructose, maltose, sucrose and glycollic acids by additions of 0.5 yo (w/v) of each substrate to 0.5 yo (w/v) glucose. No increase in the economic coefficient for glucose utilization was observed in any case. The result provides convincing evidence that these substances are not utilized even during glucose assimilation.
Eflciency of cell synthesis
Efficiencies of conversion and comparison of effects of nitrogen source can be obtained from elementary analyses on three of the samples noted in Table 3 ; the salient results are presented in Table 4 . From the elementary anaIyses, taking oxygen by difference and calculating to an ash-free organic substance basis, the cell compositions may be expressed as molecular formulae which H . Samejima and J . Myers On urea: o*5N2H4C0 -k 2*53C,H1,O6 -k 6.830, -+ c,.51H~3.6003.63N + 8-16c0, + 9*38H20. (3) The R.Q. values predicted from equations (1) and (2) check reasonably the values obtained manometrically (Cramer & Myers, 1948) .
The heats of combustion of the cells produced may be obtained by determining the number of moles of oxygen required for combustion to CO,, H,O and N, and taking some figure as the calorie equivalent for one mole of oxygen. The latter figure carries uncertainty within the range 103-113 kcal./mole. In calculations of photosynthetic efficiency a value of 112 kcal./mole is properly chosen since the product is assumed to be carbohydrate. However, for production of total cell material the product is only partly carbohydrate. The problem was examined by Kok (1952) who obtained both calorimetric measurements and cell analyses on cells of a Chlorella grown photosynthetically. Unfortunately, the results were obtained upon parallel samples which differed in ash content. Kok chose to ignore the differences in ash content and estimated an equivalent of 112 kcal./mole 0,. However, when Kok's data are calculated to an ash-free basis and the calorimetric contribution of the ash fraction is considered negligible, then the equivalent becomes 107 kcal./mole 0,.
An independent means of calculating a calorie equivalent for oxygen is provided by the data of Kharasch (1929) . Cited values of heat of combustion/ mole for various organic compounds may be divided by the computed mole 02/mole, required for combustion. For example, the 673 kcal./mole heat of combustion of glucose divided by 6 Table 4 . It will be noted that the efficiency so obtained for cell synthesis from nitrate is significantly lower than that obtained for similar synthesis from ammonia. However, it is clear that additional work is required for reduction of nitrate and that this should be reckoned as part of the output work performed. If it be assumed that cell synthesis starts from nitrogen in a form energetically equivalent to NH,, then equation Table 4 thus corrected are not significantly different for the different nitrogen sources, although exact identity would imply 100 yo efficiency for nitrate reduction.
DISCUSSION
From the accumulated data on heterotrophic growth of ChZoreZZa pyrenoidosa the nutritional pattern becomes evident. Its cellular synthesis proceeds with high efficiency but only from a very limited number of substrates. Lack of versatility in the use of organic substrates appears to be a result of permeability restrictions. Sucrose, which will not serve as a carbon source for growth, has been identified as an intracellular component (Milner, 1948) . Likewise many of the other organic compounds which fail to support growth have been identified as intermediary metabolites by tracer studies (Calvin et aZ. 1951) .
The maximum rate of cell synthesis provided by light saturated photosynthesis is not increased by addition of glucose (Killam & Myers, 1956) . At low light intensities the rates supported by photosynthesis and glucose assimilation become approximately additive. However, the rate supported by 8-2 glucose in darkness is not augmented by addition of the other utilizable substrates galactose and acetate. A simple hypothesis will encompass these observations : there is a common reaction in cell synthesis from all three substrates which is rate-saturated during glucose assimilation ; in photosynthesis this reaction is by-passed by an alternative pathway or is not required.
It is instructive to compare the 58 yo efficiency of total cell synthesis from glucose with the efficiency observed for the simpler synthesis of storage carbohydrate alone. The latter has been measured manometrically in starved cells at energy efficiencies which calculate to 83 and 88 yo as reported for ChZoreZZa pryenoidosa (Myers, 1947) and C. vulgaris (Syrett, 1951) . Further extension may be made to a comparison of the efficiencies of heterotrophic and autotrophic metabolism. For total cell synthesis from carbon dioxide in light an approximate efficiency of 20 2 yo may be taken from the data of Kok (1952) and Oorschot (1955) ; slightly lower values are being obtained currently in our laboratory. For carbohydrate synthesis from carbon dioxide (photosynthesis) there is a wide scatter of efficiency values corresponding to quantum yields ranging from about 1/4 to 1/10 (Rabinowitch, 1951) . A quantum yield of l/8, observed at 6800b. where the quantum energy is 42 kcal/Einstein, would correspond to a thermodynamic efficiency of 33 yo. The last figure cannot be compared rigidly with the other three, not only because of uncertainty as to its exact value, but also because its determination includes correction for respiration or maintenance metabolism not applied in the other cases. However uncertain the comparison may be as applied to photosynthetic efficiency, an important requirement is clearly demonstrated : if photosynthesis is taken to represent synthesis of carbohydrate alone, then its efficiency must be determined under conditions which rigidly preclude other cellular syntheses.
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